The extreme phases of El Niño Southern Oscillation (ENSO) are known to dominate the interannual variability of tropical rainfall. However, t he relationship between ENSO and the spatial extent of drought and excessively wet conditions is an important characteristic of tropical climate that has received relatively less atte ntion from researchers. Here, a standardized precipitation index is computed from monthly rainfall analyses and the temporal variability of the spatial extent of such extremes, for various levels of severity, examined from a tropics-wide perspective (land areas only, 30ºS- 
Introduction
The association between El Niño-Southern Oscillation (ENSO) warm and cold events and interannual precipitation extremes in various teleconnected regions of the globe is well established (Ropelewski and Halpert 1987; Kiladis and Diaz 1989) .
However, the spatial extent of ENSO-related precipitation anomalies and its variability among different events is an important characteristic of the phenomenon that has not been examined in detail, particularly in the tropics where the ENSO signal is largest. Of particular interest are interannual precipitation variations over land areas since they are frequently associated with multiple and often deleterious consequences for both human populations and the environment. For example, Dilley and Heyman (1995) have shown that for several tropical countries drought disasters are twice as likely to be declared in the year following an El Nino event. Of course in some locations excessively wet (dry) conditions are also associated with El Niño (La Niña) but on average, drought is more common during El Niño with excessively wet conditions generally more widespread during La Niña when all tropical land areas are considered (e.g., Mason and Goddard 2001) . Documenting the large scale, spatially integrated precipitation response to the extreme phases of ENSO in tropical land areas is the main focus of the current study, with the consistency of that response examined across multiple ENSO events.
Previous studies that have considered the spatial extent of ENSO-related precipitation anomalies have tended to be either globally or regionally focused, and have not explicitly looked at its variability with specific ENSO events. Dai et al. (1998) examined the temporal variability in the spatial coverage of severe aridity and wetness conditions for various regions of the globe based on a gridded analysis of the Palmer Drought Severity Index (PDSI). Their analysis did not examine the tropics as a distinct region but their EOF analysis of global PDSI did indicate a statistically significant ENSO signal. In addition, they noted that since roughly 1980 there has been an increase in the areal extent of wet and dry extremes in several ENSO-affected regions. Analyzing observed, standardized annual precipitation anomalies for the globe, Dai et al. (1997) found, among other results, a positive correlation between time series of the areal extent of precipitation extremes (more than 1 standard deviation from the mean) and their relative severity for various regions including the tropics. Recently, Dai et al. (2004) presented an updated version of the PDSI dataset with time series of the spatial extent of very dry or wet conditions across several tropical regions affected by ENSO. In addition to indicating an upward trend in the spatial coverage of drought in global land areas (60S-60N) they provided maps of the geographical distribution of the trends for the globe.
And Mason and Goddard (2001) estimated the average spatial extent of the globe with ENSO-related seasonal precipitation extremes (defined as the two outer tercile classes) but they did not examine its variability between ENSO events nor did they consider the tropics separately.
Recently Lyon (2004) reported that the spatial extent of drought (identified by 12-month accumulated precipitation anomalies), when measured across all tropical land areas, was closely related to the strength of El Niño events (determined by associated maxima in Nino 3.4 SST anomalies 1 ). The study showed that drought extent increased by roughly a factor of two between weak and strong El Niño events in a near linear fashion, a relationship that did not change significantly with drought severity.
This study extends the work of Lyon (2004) to consider the spatial extent of excessively wet and dry conditions throughout all tropical land areas during both extreme phases of ENSO (i.e. warm and cold ENSO events). The association with the relative strength of individual ENSO events will also be evaluated. Is there a robust relationship between ENSO cold events and the spatial extent of excessively wet conditions in the tropics? How does this relationship compare to that for El Niño and drought? To what extent do ENSO extreme s influence the likelihood of drought or excessive rainfall at a given location? These are some of the motivating questions behind the study.
Section 2 describes the rainfall analyses used in the study, the standardized precipitation index used to identify interannual extremes in precipitation, and the overall methodology. Results of the analysis for the spatial extent of both wet and dry extremes are presented in section 3, with a summary and discussion of overall findings given in section 4. 
Data and Me thodology a. Data
The primary data set used in the study is the gridded, monthly precipitation analysis for the globe (land regions only) provided by the University of East Anglia (UEA; New et al. 1999 New et al. , 2000 . This analysis is based on precipitation measured at landbased observing stations around the globe that is quality controlled before being interpolated onto a 0.5° x 0.5° lat./long. resolution grid. These data have been used extensively in climate studies and formed the basis of the recent probabilistic assessment of ENSO-related precipitation anomalies by Mason and Goddard (2001) . UEA data for the period Jan 1950-Dec 1998 were utilized here. To extend the analysis through 2003, monthly gridded precipitation analyses for the globe were obtained from the Climate Prediction Center's Merged Analysis of Precipitation (CMAP; Xie and Arkin 1996) covering the period Jan 1979 -Dec 2003. To test the robustness of the main findings presented, results obtained from supplemental datasets were compared with t hose obtained from the UEA data. Of course, since many of the same observing stations are used in the construction of various rainfall analyses, different analyses do not truly represent independent estimates of observed precipitation. However, different data inputs, gridding, or merging techniques are employed across various precipitation analyses allowing for some measure of variation. With this in mind, the CMAP results were compared with those obtained using the Global Precipitation Climatology Project (GPCP) precipitation analysis (Huffman et al. 1997 ) which covers the same period and spatial domain. The CMAP and GPCP precipitation analyses are both constructed by merging observed rainfall (i.e., gauge data) measurements with satellite estimates through related, though differing, methodologies (Yin et al. 2004) . Naturally, over the ocean these analyses depend on estimates from satellite given the very small number of observing stations on atolls and small islands. Twenty-five year linear trends were removed from the GPCP and CMAP rainfall estimates over ocean areas prior to being analyzed. A final comparison with the UEA results was made by utilizing the Precipitation Reconstruction over Land (PRECL) dataset, which consists of monthly precipitation analyses for global land areas based solely on gauge data (Chen et al. 2002) .
The CMAP, GPCP, and PRECL analyses are all at a 2.5° x 2.5° spatial resolution.
Finally, the Dai et al. (1998) global dataset of PDSI for the period 1950-1998 was used as a reference for the drought/extreme wetness conditions identified by the standardized precipitation index used here. The available version of the PDSI dataset (2.5° x 2.5° resolution) lacked complete spatial coverage in the tropics and therefore could not be used as a primary data source for the type of analysis considered in this study.
Monthly sea surface temperature (SST) data were obtained from the Extended Reconstruction of global SST developed by Smith and Reynolds (2003) and are on a 2.0° Atmospheric data used in the study are from the NCEP-NCAR Reanalysis (Kistler et al. 2001) , and all data were accessed via the IRI Data Library at http://iridl.ldeo.columbia.edu/.
b. Computing a standardized precipitation index
To measure interannual precipitation extremes, a standardized precipitation index was computed at all gridpoints in tropical land areas 30ºS to 30ºN. The index, referred to as the weighted anomaly of standardized precipitation (WASP), is based on overlapping N-month sums of weighted, standardized monthly precipitation anomalies, S N where
In (1) P i and i P are the observed and climatological values of precipitation, respectively, for the i th month relative to the month/year when an index value is being computed (where i = 1 is the current month, i = 2 is the previous month, etc.). A time series of this sum has overlapping monthly inputs since the ending month progresses forward in 1-month increments. The standard deviation of monthly precipitation is given by s i . The base period used for computing climatological values was 1961 -1990 (1979 . The mean annual precipitation for a given gridpoint is indicated by A P and the weighting factor, A i P P / , is used to dampen large standardized anomalies that result from small precipitation amounts occurring near the start or end of dry seasons and to emphasize anomalies during the heart of rainy seasons. In this study the focus is on interannual precipitation variability, so N=12. T he sum S 12 has itself been standardized to obtain a dimensionless measure of the relative severity of precipitation surplus or deficit, given symbolically as WASP 12 : 
correlation was 0.6 although it is noted that in only 69% of the tropics was PDSI data available for at least 75% of the time of the comparison period. The high temporal correlations between indices indicates the dominant role of precipitation anomalies in affecting variations in the PDSI index despite the importance of other factors, such as surface air temperature (e.g., Hu and Wilson, 2000) which can be significant when examining longer term secular trends (e.g., Dai et al., 2004) . However, WASP 12 appears to be a good proxy for soil moisture variability on shorter timescales to the extent that this is realistically captured by the PDSI (Alley, 1984) and has the advantage of being much more easily computed.
An important attribute of the WASP 12 index is the monthly weighting factor, which effectively eliminates dry seasons and allows for the spatially integrated effect of ENSO on interannual precipitation extremes across the tropics to be evaluated. For example, the average correlation between the Oct and following Feb values of WASP 12 , averaged across all land areas 0-30N, is 0.88. The reason for this high correlation can be seen in Figure 2 where the annual cycle of the zonally averaged, climatological rainfall (land areas only) is plotted along with the corresponding zonal averages of the WASP 12 weighting factor (both based on the UEA data). The tendency in Fig. 2 for maxima in the average weighting factor to be located poleward of maximum rainfall during extreme seasons is attributed to the relatively short length of the rainy season in locations near the maximum poleward extent of the summer monsoon systems, such as occurs in the northern Sahel during July. With dry seasons damped, the WASP 12 index is able to capture the influence of ENSO on the annual cycle of precipitation across rainy seasons of varying duration. While using a 12-month precipitation index may be suboptimal in some specific locations where rainfall (or ENSO forcing) does not follow such a simple annual cycle, tropical rainfall is dominated by the meridional movement of large scale monsoon systems where the index works quite well, and the global scale influence of ENSO across all tropical land areas is the primary focus of the current study. conditions. Removing all gridpoints in coastal areas from the rainfall analyses prior to the spatial extent analysis had virtually no effect on the overall results. than the characteristic response time of the WASP 12 index. This important caveat aside, for both drought and excessive wetness, Figure 4 indicates that all three levels of severity appear to occur at roughly the same time, each following the peak strength of ENSO events. While it is well known that tropical land areas, on average, tend to be drier than average during El Niño, with the opposite occurring during La Niña (e.g., New et al., 2001 ), the relative sharpness of the peaks in the time series of Figure 4 is nonetheless striking. Typical ENSO teleconnections sometimes fail to develop during individual events regardless of strength (e.g., Goddard et al., 1998) and ENSO is clearly only one factor among many affecting interannual climate conditions in the tropics.
c. The spatial extent of interannual precipitation extremes and ENSO definitions

Results
a. ENSO's connection to the spatial extent of interannual rainfall extremes
The strength of individual La Niña episodes was compared with the associated peak spatial extent of excessive wetness conditions for the 9 events identified in the study period. These results are compared with the peak extent of drought during the 10 strongest El Niño events in Figure 5 . The spatial extent of excessively wet conditions, for all levels of severity, is generally seen to also increase with the magnitude of below average Nino 3.4 SST anomalies. Although the correlations are not as high as for the case of drought during El Niño (˜ 0.6 for La Niña; 0.8 -0.9 for El Niño), the slopes of the regression lines are similar. Given the greater range of Nino 3.4 SST anomalies during El Niño events (1.50° C) compared with La Niña (1.11° C), the difference in correlations might be expected on mathematical grounds (restricting the range of a predictor reduces its correlation with the predictand) while on physical grounds the few, strong El Niño events might intuitively be expected to exert a greater forcing than their comparatively weaker, cold event counterparts. If the analysis for drought extent during El Niño is performed using a restricted range of Nino 3.4 SST anomalies in order to match those observed during La Niña events, correlations drop to the 0.6 to 0.7 range. However, it is noteworthy that two of the major peaks in the spatial extent of excessively wet conditions (ranking as the third-and sixth-largest in the 1950-1998 time period) did not occur during La Niña events, with associated Nino 3.4 SST anomalies only slightly below average in those cases.
In 
b. Timing of the peak spatial extent of moderate vs. severe WASP 12 values
As suggested in Figure 4 , there is typically a lag between the time of peak ENSOrelated Nino 3.4 SST anomalies and the corresponding maximum spatial extent of drought or excessive wetness. However, it is not clear whether severe drought or wetness conditions should take longer to develop than moderate levels of these conditions. As shown in Figure 7 no systematic tendency was found for the spatial extent of severe drought or wetness conditions to develop later than the intermediate or moderate categories of these respective conditions in the tropical average ENSO response. In addition, given the typical life cycle of ENSO events, attaining maximum strength (in terms of Nino 3.4 SST anomalies) during the late boreal fall into winter, the peak in spatial extent of precipitation extremes tends to occur from boreal fall onward. There is some suggestion that the peak spatial extent of excessively wet conditions (Fig. 7b ) may tend to occur later in the year than drought conditions (based on a binomial distribution, the probability is ˜ 0.03 of having so few occurrences of peak spatial extent of excessively wet conditions occurring between Sep and Jan), although in any given month local or regional precipitation extremes in the tropics that are not related to ENSO influence the timing of the tropics-wide spatial coverage.
c. Enhanced likelihood of drought or excessive wetness during ENSO extremes
Since, to lowest order, ENSO teleconnections tend to be co-located in space but of opposite sign (see Hoerling et al. 1997 and Hoerling et al. 2001 for important exceptions), in teleconnected land regions there would appear to be a bias towards one precipitation extreme or the other, depending upon the phase of ENSO. However, warm and cold ENSO events combined only occur about 50% of the time while drought and excessively wet conditions continue to develop in their absence, with the underlying mechanisms operating on a variety of temporal and spatial scales. For example, the protracted drought in the Sahel has been related to decadal scale variability and trends in SST in the Atlantic and Indian Oceans (Giannini et al. 2004) 
and SSTs in the Indian
Ocean have also been shown to influence seasonal climate in eastern and southern Africa independent of ENSO (Goddard and Graham 1997) . Thus the full extent to which, locally, ENSO influences the relative likelihood of either drought or excessively wetness conditions is not clear and was therefore examined.
To indicate how this part of the analysis was performed, the case of assessing the likelihood of drought during El Niño (relative to all other times) is described. The same approach was taken for the alternative cases of El Niño and excessive wetness, La Niña and drought, and La Niña and excessive wetness. First, based on the Niño 3.4 SST time series, the total number of months a given gridpoint was in drought during El Niño conditions was determined for all El Niño events during the period Dec 1950 -Dec 1998.
The "start" on an ENSO event was defined as the first month that the Nino 3.4 SST index exceeded the ±0.4°C threshold used to define such events. Given this definition, a 5-month lag following the start of an ENSO event was taken as the starting month in the WASP 12 time series (i.e., Nino 3.4 leading) to check for drought/excessively wet conditions at each gridpoint. Again, while for some specific locations this may not be an optimal method for detecting the ENSO signal it does capture large scale patterns on a tropics-wide basis. Only those gridpoints where the number of months in drought during El Niño exceeded those expected by chance (at 95% confidence; based on the assumption of the WASP 12 being approximately normally distributed) were retained. Then, to further emphasize the strength of the relationship, the ratio of the total number of months a given gridpoint was in drought (for a given threshold of severity) during El Niño conditions to the total number of months in drought (of the same severity) at all other times was computed. It turns out that ratio values > 1 indicate, statistically, that drought is more likely during El Niño (relative to chance, p < 0.05). Moreover, in passing this statistical test, the total number of months in drought during El Niño (occurring 31% of the time) is greater than that observed in all other months (69% of the time) 3 . This ratio is plotted in Figure 8 for the severe categories of both drought and excessive wetness. The figure indicates that in several of the well known teleconnected regions of the tropics the likelihood of severe drought or wetness is significantly increased during ENSO, with the relative occurrence in some cases being greater by as much as a factor of 5. The areal extent of the tropics for which drought (excessive wetness) is enhanced during El Niño (La Niña) was computed for all 3 categories of severity. It was found (not shown) that a much greater area of the tropics is likely to experience severe drought (severe wetness) conditions during El Niño (La Niña) than moderate drought (moderate wetness) conditions. The areal coverage of the tropics where drought or excessive wetness is more likely during ENSO events increases by roughly a factor of 2 for severe versus moderate categories of these extremes.
Summary and Discussion
Given the design of the WASP 12 index, the average spatial coverage of respective positive and negative values will be essentially the same when the entire study period is
at a given gridpoint the WASP index is approximately Gaussian).
However, since ENSO events occur only about half the time, this need not be the case for peak spatial coverage averaged over individual cold or warm ENSO events. This was nonetheless found to be approximately true for all three categories of respective wet and dry conditions (cf. Fig. 4) . Major peaks in the spatial extent of drought since 1950 were closely associated with El Niño events having proportionately large Nino 3.4 SST anomalies, with a somewhat weaker association between La Niña and excessively wet conditions (e.g., two significant peaks in the spatial extent of wet conditions were not associated with La Niña, whereas all major peaks in drought extent were associated with El Niño). However, given the small number of ENSO events observed in the study period no statistically significant differences in the relationship between the spatial extent of positive and negative precipitation extremes and the extreme phases of ENSO could be established.
While the main focus of this study is on the spatially integrated effect of ENSO extremes on tropical land area precipitation a related question to ask is whether the results found here are due to systematic, large scale shifts in precipitation over the tropical oceans as well. Of course, observations of global scale shifts in tropical precipitation (and other fields) are precisely what fueled early investigations of the ENSO phenomenon (e.g., Rasmusson and Carpenter 1982; Wallace et al. 1998 ) to begin with.
However, the lack of rainfall data over tropical ocean areas has prevented an analysis of the spatial extent of precipitation anomalies over the oceans to be considered until only recently. In related work, satellite observations and derived products have been used by investigators to identify ENSO signatures in interannual variations of outgoing longwave radiation (OLR) across the tropics (e.g., Chelliah and Arkin, 1992; Yulaeva and Wallace, 1994) , and in monthly satellite estimates of precipitation for the globe (Dai and Wigley 2000; New et al. 2001) . General circulation models (GCMs) have also been widely used to examine the influence of tropical SST anomalies on precipitation, although some noticeable disagreements with satellite rainfall estimates have been made in terms of the magnitude of response (e.g., Soden 2000) . In none of these studies has the spatial extent of precipitation extremes been examined explicitly, or compared across multiple ENSO events. Here we utilize the GPCP data to perform an analysis similar to what was done for land regions, but for the period 1979-2003. Six El Niño and 4 La Niña events were identified during this period (see the Appendix). While the sample size is clearly quite limited, this period witnessed ENSO events of varying strength including two strong El Niño (1982 -83, 1997 -98), and La Niña (1988 -89, 1998 -2000 
